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Structural complexity governs 
seagrass acclimatization to depth 
with relevant consequences for 
meadow production, macrophyte 
diversity and habitat carbon 
storage capacity
Susana enríquez  1, irene olivé  1,2, napo cayabyab1 & John D. Hedley3
Analyses of the integrated seagrass response to depth support the previously documented low 
plasticity and consistent shade-adapted leaf physiology of a habitat-builder that dominates well-
illuminated reef environments. two structural responses, “canopy-opening” and “below-ground-
mass-depletion”, govern the photoacclimatory response and facilitate, respectively, light penetration 
within the canopy and functional adjustments in whole-plant carbon balances. conversely, “canopy-
closing” may also explain dense canopies formed close to the waterline, as they provide shade and 
photoprotection to a susceptible leaf physiology under high-light. canopy light attenuation is primarily 
regulated by the leaf area index (LAi), which is governed by changes in shoot size and density. Shoot 
density diminishes non-linearly with depth, while shoot size increases to a maximum followed by a 
decline. the initial increase in shoot size, which resembles a self-thinning response, increases LAi and 
meadow production in shallow depths. these seagrass structural adjustments have relevant ecological 
implications. canopy-thinning allows macrophyte diversity to increase with depth, while seagrass 
production and carbon storage diminish exponentially, and are maximal only in a shallow coastal fringe. 
the results support the universality of plant self-thinning, from phytoplankton to complex canopies, 
likely the consequence of simple physical laws related to light limitation and pigment self-shading 
within photosynthetic structures and communities.
Seagrasses build highly productive coastal habitats across all continents except Antarctica1,2. Despite only occupy-
ing 0.1% of the global ocean surface, seagrass meadows are considered important oceanic sinks for atmospheric 
CO23, being responsible for the sequestration of 20% of the global organic carbon present in marine sediments4. 
High burial rates and slow organic carbon decomposition in the sediment5 are consistent with this interpreta-
tion. However, a large variability in carbon stock and accumulation rates among species and habitats has been 
documented6, as well as a wide spatial and temporal variation in seagrass standing biomass and daily leaf pro-
duction2,7. For example, in oligotrophic reef environments seagrasses often colonize coarse carbonate sediments 
where their capacity to retain the organic carbon produced is small8,9. For the climax species in the Caribbean and 
Gulf of Mexico, Thalassia testudinum, a variation of up to 100-fold in standing biomass has been documented10. 
Nutrient limitations such as nitrogen11, phosphorus12, or iron13, have been proposed as the main limiting factors 
for seagrass productivity in reef environments; while high-light stress14,15, and fresh-water inputs16, have been also 
suggested to affect seagrass growth and production.
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Light is a central parameter in the regulation of plant growth and production, and consequentially affects 
the capacity of seagrass meadows to store organic carbon17. The direct effect of light on seagrass production and 
habitat structure, however, has not yet been addressed in the context of carbon storage, despite its critical role in 
seagrass capacity to sequester organic carbon at global scales. Light attenuation with depth is a major environ-
mental gradient for benthic macrophyte communities, and is responsible for physiological and structural changes 
leading to reduction in seagrass growth and production18–21. The magnitude of the decline in production with 
depth depends on both light attenuation within the water column and also on the species ability to photoacclima-
tize to the reduction in light. In general, large habitat-building seagrasses have shown greater plant and canopy 
structural changes with depth, but only limited physiological variability. This has been documented for the leaves 
of Thalassia testudinum22, Posidonia oceanica19, and Posidonia sinuosa21. Olesen et al19. interpreted this finding in 
terms of the capacity of these large species to modify the internal canopy light field, concluding that this structural 
regulation of the internal canopy illumination could explain the small leaf-level physiological response to depth. 
However, Dennison & Alberte23 and Cayabyab & Enríquez15 have also provided experimental evidence of physio-
logical limitation in the photoacclimatory leaf response of two large seagrasses. A possible explanation of the low 
physiological plasticity of the leaves of T. testudinum15 is that this is the result of an evolutionary shade-adapted 
constraint of the group as a whole24. Later evidence derived from the characterization of the high-light response 
of the leaves of T. testudinum supports this interpretation as some characteristics of a shade-adapted physiology 
still persist (i.e., small xanthophyll-pool size, slow non-photochemical-quenching (NPQ) induction rates and 
extremely low de-epoxidation-state-DPS values25) despite the fact that maximum values for NPQ are similar to 
those achieved by terrestrial sun leaves26,27.
Globally, large differences among seagrass species in their photoacclimatory response have been documen
ted15,16,18–23,28–30, as well as in leaf photosynthetic performance14,31,32, but few studies have investigated the effect 
of the canopy light field on this variation. Empirical measurements14,33 and bio-optical models34,35 have described 
a large variation in irradiance within seagrass canopies, and its strong dependence on the Leaf Area Index (LAI) 
and shoot density33. Downwelling light attenuation coefficients (Kd, m−1) within seagrass canopies are estimated 
to be one order of magnitude greater than water-column coefficients14,33,35. Therefore, as seagrass leaves elongate 
from their basal meristem and occupy successively higher positions within the canopy, they have to respond 
to an increasing and fluctuating light environment. The relevance of within-canopy variation in irradiance on 
leaf photoacclimatization is supported by the documented differences along the leaf in pigment content, leaf 
absorptance, maximum photochemical efficiency (Fv/Fm), photoprotection capacity (NPQ), and in the pattern 
of PSII recovery through D1 protein synthesis14,25. Therefore, the potential combined effect of the changes in light 
levels due to the water column with the structural variation of the canopy, suggests that canopy structure must be 
a fundamental component of the photoacclimatory response of seagrasses to depth.
In this study, we aimed to characterize the photoacclimatory response to depth of Thalassia testudinum, Banks 
ex König, within the context discussed above, and thus, focussing the attention on both leaf level physiology and 
canopy structure. The characterization was however performed at multiple levels of plant and community organi-
zation: from changes in leaf physiology and pigmentation, to the analysis of the variation in the carbon allocation 
patterns of the seagrass, and changes in habitat structure and macrophyte diversity. T. testudinum is the main 
habitat-builder in the Caribbean and Gulf of Mexico, hence, this characterization has implications relevant for 
production and carbon storage at global scale.
Results
Thalassia testudinum was the dominant species in all sites and especially at the shallowest stations, which showed 
the highest abundance (Fig. 1). Along the transect an up to 5-fold seagrass decline was observed after station C, 
although the narrow-leaved seagrass Syringodium filiforme showed a peak in abundance at that site, after which 
the diversity of macroalgae in the community was significantly enhanced with depth (Fig. 1b,c; SI-Table-S1). 
Macroalgal presence was highest at sites D and E, and very low at sites A and B.
The decline in the T. testudinum above-ground mass was mainly due to a non-linear reduction in shoot 
density:
= ± + . ± . ⋅
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Shoot size showed a more complex pattern of variation with depth manifested as an initial linear increase until 
a maximum value was reached, followed by a non-linear decline from that maximum (Fig. 1d). The variability in 
shoot density was almost twice as large as the variability in shoot size (respective coefficients of variation, C.V., 
of 109% and 57.5%; Table 1). The other structural descriptors presented C.V. between 24.6 and 134.4% (Table 1).
LAI reached maximum values on a shallow coastal platform formed by the accumulation of dense stands of 
belowground biomass and sediment (sites A-C; Figs 1 and 2), and showed an abrupt decline at the end of this 
platform, between stations C and D (Fig. 2c). Towards the shore, the platform ended in a 0.3–0.5 m scarp, which 
exposed seagrass rhizomes to the water, while towards the lagoon the platform showed a less abrupt profile (Figs 1 
and 2). The reduction in aboveground-biomass was only visible for stations located beyond the platform, whereas 
the non-linear reduction of the belowground biomass was observed from the shore (Fig. 1c,e). Significant varia-
tion in seagrass mass allocation to different components of the plant was observed with depth, due to differences 
in the pattern of change of each plant module (Fig. 2e). The biomass of sheaths and vertical rhizomes experienced 
a progressive 1.5-fold reduction over depths from 0.5 to 4 m, while horizontal rhizomes and, especially, root 
biomass significantly increased at the deepest stations. Due to this heterogeneous variation, site C showed the 
highest proportion of seagrass biomass allocated to photosynthetic tissues (LMR = 30%), while the other five sites 
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presented LMR values below 20% (Table 1). The rapid LAI decline observed between station C and D coincided 
with changes in mass allocation from vertical to horizontal rhizome growth (Fig. 2).
Canopy light field. Estimated Kdcanopy values were one order of magnitude greater than those of the water 
column, indicating substantial leaf self-shading even within a relatively low canopy (<20 cm high; Table 2). The 
largest Kdcanopy was found at the shallowest station, and the smallest at the deepest site. Using the estimated 
Figure 1. Structural variation of the seagrass meadow with depth. (a) Diagram describing the structural 
changes and the location of each sampling site; (b) cumulative variation in macrophyte abundance (g dw m−2); 
(c) variation (avg ± SE) of Thalassia testudinum biomass (coloured solid circles) with depth, Syringodium 
filiforme (squares) and macroalgae (white circles); (d) variation in shoot density (#shoots m−2) dark circles) and 
shoot size (cm2 shoot−1) green circles) of T. testudinum with depth; and (e) biomass variation of each plant 
component of T. testudinum: leaves (green), sheaths (red), vertical rhizome (yellow), horizontal rhizome (blue) 
and roots (black) with depth. The grey area in plot 1d indicates the maximum depth of the reef lagoon, and thus, 
the prediction limit for the quantitative models.
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Kdcanopy and data on canopy height and maximum leaf length, we estimated the percentage of surface irradiance 
(%Es) reaching each leaf segment (Fig. 3a). Estimated %Es at the top of canopies differed 2-fold between the 
shallowest and deepest stations, while vertically within the individual canopies, light levels varied up to 6-fold 
(Table 2, Fig. 3a). When comparing leaf segments, the apical portions (“a” and “b”) differed among stations by 
~40% Es, on average, while only a ~15% variation was observed for the middle and middle-basal portions (“c” 
and “d”). Notably, light exposure was very similar across all canopies for the leaf segments located in the middle 
of the canopy (Fig. 3b; Table 2).
Differences in shoot density explained 78% of the Kdcanopy variation, while differences in LAI explained 96% 
(Fig. 3c). When comparing Kdcanopy estimations with the values documented by Enríquez & Pantoja-Reyes33, LAI 
was the best descriptor of seagrass Kdcanopy variation (Fig. 3c), while a positive effect of shoot size was also found 
(covariance-test, t-student; p < 0.01) on the slope of the linear association between shoot density and Kdcanopy 
(R2 = 0.78; P < 0.05).
Leaf photoacclimation. Over the whole study, the coefficient of variation (C.V.) of all physiological param-
eters averaged 43%, ranging between 2.2% and 76.5% (Table 1). The lowest variability was found for Fv/Fm and 
the largest for leaf respiration. Fv/Fm showed the lowest values for site A and the highest for site B. Leaf pigmenta-
tion normalized to leaf area presented no significant pattern of change with depth, although site A showed lower 
values (SI-Table-S2). Leaf absorptance, however, varied significantly. The highest values were determined for sites 
B and D, whereas the lowest for site A (Table 1; SI-Table-S2). The photosynthetic descriptors differed significantly 
among sites and leaf sections (SI-Table-S3). Lower Pmax was observed for sites A and C (Table 1) and towards the 
apical leaf sections (Fig. 4; SI-Table-S3). Photosynthesis was maximized in the middle of the leaf (portions “b” and 
“c”) and at intermediate depths (site D). The highest respiration was also recorded at intermediate depths while 
extremely reduced respiration was observed at site A (Table 1) and towards the apical leaf segments (SI-Table-S3). 
Photosynthetic efficiency (α) increased significantly with depth, although peaked at site D (Table 1). The lowest 
values were determined for site A, where significant differences between leaf portions “b” and “d” (SI-Table-S3) 
were observed. Compensation (Ec) and saturation (Ek) irradiances were consistently low for all sites (Table 1). 
Ec was significantly reduced at site A, and particularly towards the basal portions, while Ek peaked at site A and 
was slightly reduced at site C (Table 1). Significant increases towards the basal segments were also observed 
(SI-Table-S3). Estimates for 1/Φmax ranged between 12 and 16 mol quanta/mol O2 evolved (Table 1), showing 
no variation among sites and among leaf segments (SI-Table-S3), although a slight reduction was observed with 
depth.
Leaf production. Leaf production was strongly correlated with LAI following an exponential function 
(Fig. 4a). Both parameters declined non-linearly with depth (Fig. 4b). Negative exponential functions described 
86% of the variation of leaf production (p < 0.01) and LAI (p < 0.05) with depth. Two sites, C and D, differed from 
Parameter Site A Site B Site C Site D Site E Site F C.V. n
Pmax 0.83 ± 0.07 1.10 ± 0.09 0.84 ± 0.08 1.25 ± 0.10 1.12 ± 0.11 1.10 ± 0.11 38.3% 93
RL 0.032 ± 0.015 0.242 ± 0.041 0.383 ± 0.072 0.375 ± 0.069 0.259 ± 0.033 0.283 ± 0.043 76.5% 93
α 0.029 ± 0.003 0.040 ± 0.003 0.041 ± 0.003 0.048 ± 0.004 0.042 ± 0.004 0.043 ± 0.004 33.3% 80
Ek 88.0 ± 8.6 84.3 ± 11.4 59.9 ± 7.2 82.0 ± 12.8 78.3 ± 9.9 79.1 ± 11.6 51.8% 80
Ec 2.8 ± 0.4 18.4 ± 3.0 19.2 ± 3.0 19.3 ± 3.4 18.2 ± 1.9 18.4 ± 2.5 63.2% 93
Absorptance 48.9 ± 1.27 55.4 ± 2.26 51.9 ± 1.10 57.1 ± 0.78 50.2 ± 0.89 52.5 ± 0.96 10.8% 50
Φmax 0.065 ± 0.005 0.068 ± 0.004 0.080 ± 0.008 0.076 ± 0.008 0.081 ± 0.006 0.071 ± 0.009 33.6% 93
1/Φmax 15.5 ± 1.1 14.7 ± 0.9 12.6 ± 1.2 13.1 ± 1.4 12.4 ± 0.9 14.1 ± 1.7 35.3% 93
Fv/Fm 0.788 ± 0.008 0.833 ± 0.002 0.812 ± 0.003 0.813 ± 0.002 0.809 ± 0.002 0.813 ± 0.002 2.3% 88
Chl [a + b] content 53.6 ± 3.8 102.3 ± 10.3 87.8 ± 4.8 103.8 ± 4.98 87.2 ± 3.9 94.1 ± 3.96 41.4% 269
Shoot Density 1678.9 ± 75.6 767.3 ± 25.2 440.6 ± 22.5 204.2 ± 17.1 244.6 ± 17.2 170.3 ± 13.6 109% 87
Shoot size Area (cm2) 25.84 ± 1.46 49.33 ± 2.71 74.17 ± 3.59 50.05 ± 2.31 41.99 ± 2.08 31.49 ± 1.56 57.6% 463
LAI 4.3 ± 0.2 3.8 ± 0.1 3.3 ± 0.2 1.02 ± 0.08 1.03 ± 0.07 0.53 ± 0.04 83.5% 87
Belowground Biomass 2846.4 ± 128.2 1300.8 ± 42.9 747.4 ± 38.2 373.4 ± 31.3 494.2 ± 34.7 288.7 ± 23.1 106.2% 87
Aboveground Biomass 290.1 ± 28.6 259.8 ± 9.3 332.2 ± 63.3 81.7 ± 7.1 74.9 ± 4.5 48.9 ± 11.4 78.9% 35
LMR 9.25% 16.7% 30.8% 17.96% 13.2% 14.5% 21% 87
Table 1. Mean ± SE values of the physiological and structural traits of Thalassia testudinum characterized 
for six sites located along a continuous meadow of the reef lagoon, from the shallowest (A) to the deepest site 
(F). Maximum photosynthesis, Pmax, and light-enhanced respiration, RL (µmol O2 cm−2 h−1); photosynthetic 
efficiency, α, (mol O2 evolved per mol incident quanta); saturation, Ek, and compensation, Ec, irradiances 
(µmol quanta m−2 s−1); quantum efficiency, Φmax, (mol O2 evolved per mol quanta absorbed) and minimum 
quantum requirements, 1/Φmax, of leaf photosynthesis (mol quanta absorbed per mol O2 molecules evolved); 
Absorptance (% of incident PAR absorbed); maximum photochemical efficiency of photosystem II, Fv/Fm; 
and chlorophyll content, Chl[a + b] (mg m−2). The coefficient of variation (C.V.) and the number of samples 
determined for each parameter (n) are also shown. Structural traits: shoot density (# m−2); Shoot size (cm2 
shoot−1); Leaf Area Index-LAI; below- and above-ground biomass of T. testudinum (g dw m−2) and leaf mass 
ratio, LMR (% leaf biomass).
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these quantitative descriptions of the variation of seagrass production and LAI with depth (Fig. 4b). The high leaf 
production and LAI observed at site C resulted from a large carbon allocation to shoot growth (Fig. 4c). A strong 
correlation between shoot size and leaf production per shoot was also found (r = 0.94; p < 0.01; Fig. 4d).
Quantitative description. Based on the observed data, a unified quantitative model was constructed to 
give a continuous description of the morphological variation in shoot density and size, as a function of depth, for 
Thalassia testudinum in the lagoon of Puerto Morelos. This model was based on:
 i) the non-linear decline in shoot density with depth described by Eq. (1) (Fig. 1d) and assuming a maximum 
of 2450 shoots m2 for shoot density (the maximum value determined);
Figure 2. Images of the edge of the seagrass meadow at the shore and of the variation of canopy structure (LAI) 
and seagrass biomass partitioning with depth. Plots (a, b and d) are different images of the edge of the seagrass 
meadow at the shore; (c) describes the variation of the leaf area index (LAI) with depth; and (e) describes 
the cumulative variation of biomass partitioning with depth for Thalassia testudinum. Colours represent: the 
different sites (A to F) according to figure 1 for plots (b and c); and leaves (green), sheaths (orange), vertical 
rhizomes (yellow), horizontal rhizomes (blue) and roots (black) for plot (e).
Station
Depth 
(m)
Canopy 
height (cm)
Kdwater 
(m−1)
Kdcanopy 
(m−1)
% Es Top 
Canopy
% Es 
Middle 
Canopy
% Es 
Bottom 
Canopy
A 0.5 11.0 ± 0.00 0.47 ± 0.03 10.31 ± 1.11 83.25 47.22 26.78
B 0.8 20.6 ± 1.17 0.20 ± 0.01 7.78 ± 0.70 88.80 39.85 17.88
C 1.3 28.2 ± 0.88 0.20 ± 0.01 8.03 ± 0.64 81.58 26.30 8.48
D 1.5 23.4 ± 0.84 0.20 ± 0.01 4.31 ± 1.16 77.64 46.86 28.28
E 2.5 17.7 ± 0.61 0.20 ± 0.01 4.50 ± 0.37 62.83 42.22 28.37
F 4 9.9 ± 0.49 0.20 ± 0.01 3.22 ± 0.46 45.83 39.07 33.30
Table 2. Canopy height and downwelling attenuation coefficients (Kd, m−1) determined for the water column 
and for each seagrass canopy throughout a depth gradient in the reef lagoon of Puerto Morelos (A-F). The 
variation in the percentage of surface irradiance (%Es) at the top, middle and bottom of each canopy is also 
shown.
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 ii) the bimodal variation of shoot size (Fig. 4c) described using two functions, a linear increase between A to 
C stations: Shoot size = 59.3 ± 7.6 * Depth (R2 = 0.99; p < 0.05); and a non-linear decline between C and F: 
Shoot size = 80.5 ± 12.5 * Depth(−0.73±0.25) (R2 = 0.84; p < 0.01);
 iii) and the linear association between shoot size and growth (Fig. 4d), for the estimation of the variation of 
shoot production according to the equation:
= . ± . + . ± . ∗ = . < .Shoot production 0 267 0 17 0 0188 0 004 Shoot size (R 0 87; p 0 01)2
Estimated values for the model fitted the empirical data well (Fig. 5a). The model highlighted a peak in shoot 
size at 1.2 m depth (Fig. 5a), and a peak in LAI at 0.4 m depth (Fig. 5b). The shoot size peak coincided with a peak 
in shoot growth (Fig. 5b). The predicted changes in LAI as a function of depth were used to estimate continuous 
changes in meadow production with depth (Fig. 5c). The model highlights the interpretation that reductions in 
shoot growth are the determinant for the reduction in LAI and shoot production below 1.2 m depth, and that 
the high seagrass production observed on the platform was facilitated by the increase in shoot growth (Fig. 1). A 
comparison of the actual LAI and leaf production values with theoretical predictions assuming no increases in 
shoot growth illustrates the effect of this response on seagrass production and LAI (Fig. 5c).
Seagrass self-thinning. The simultaneous occurrence of an increase in shoot growth and a reduction in 
population density was only observed on the seagrass platform (sites A-C, Fig. 5 plots a and d). Below 1.2 m depth, 
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Figure 3. Canopy light attenuation (Kdcanopy) with depth. Colours of the histograms and circles are the same 
used in Fig. 1 for describing each site. (a) Histogram describing the variation of the percentage of surface 
irradiance (%Es) at four leaf levels (“a”-“b”-“c”-“d”) of each canopy (from A shallowest, to F deepest); (b) 
changes in %Es at the top of the canopy, middle and sediment level, blue highlights the values of %Es achieved 
at the middle level of each canopy; (c) variation in meadow Kdcanopy (m−1) as a function of changes in LAI, red 
line describes a least-square regression fit (R2 = 0.96; p < 0.001) for the data generated in this study (coloured 
circles) and the black line is an exponential fit (R2 = 0.89; p < 0.01) comparing pooled data (n = 15) from values 
reported by Enríquez and Pantoja-Reyes33 (black circles); and (d) variation of the Kdcanopy (m−1) of each site with 
depth, the continuous red line describes the exponential fit (R2 = 0.85; p < 0.05).
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shoot density and size were, both, progressively reduced. As a comparison, data on population densities and shoot 
sizes from 14 seagrass species covering a wide range of plant sizes was collated (Fig. 5e). This data indicates a gen-
eral pattern in seagrasses where shoot size decreases as population density increases (R2 = 0.52; p < 0.01), which 
is consistent with the within-species variation observed in this study. When comparing seagrass data against a 
more general description for terrestrial plants and phytoplankton36, a similar allometric scaling-factor (log-log 
slope, ANCOVA, slope t-test, p > 0.05; see Fig. 5f) was found for all photosynthetic organisms. It is remarkable 
that the maximum mass achieved by aquatic organisms, seagrasses and phytoplankton is significantly lower than 
that of terrestrial plants (ANCOVA, intercept t-test, p < 0.05) despite both groups lie on the same general trend.
Discussion
Depth acclimation response of thalassia testudinum. The results indicate that carbon allocation 
to different plant components governs the response of Thalassia testudinum to depth. That is, the response is 
largely a change in canopy structure and belowground biomass rather than in leaf physiology. The significance of 
structural changes in the response of large seagrasses to depth has been previously indicated19–21, whereas larger 
variation in leaf physiology characterizes the environmental response of smaller species19,29. These observations 
have been attributed to the capacity of large seagrass species to modify the light environment within the canopy, 
but this hypothesis does not explain the low physiological variability found for the leaves of Posidonia oceanica 
in their acclimation to depth19. Our study measured at the centre (middle level) of the canopy of T. testudinum 
and for canopies placed at different depths and with different physical structures, similar internal light fields. This 
canopy level corresponded with the location of the most photosynthetically active region of the leaf. Therefore, 
the variation of the light environment within the canopy is consistent with the low physiological variability found 
for the leaves of T. testudinum. However, we also observed consistently low values for saturation (Ek < 100) and 
compensation (Ec < 25) irradiances, and the minimum quantum requirements of photosynthesis (1/Φmax) was in 
general close to the theoretical minimum of 8 photons absorbed per O2 molecule evolved37. These results agree 
with the previous conclusion that the leaves of T. testudinum are shade-adapted, in the Darwinian sense15. Indeed, 
this shade-adapted condition could explain why the maximum quantum yield of photosynthesis (Φmax) of the 
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Figure 4. Seagrass leaf production. (a) Association between meadow leaf production (g dw m−2 yr−1) and LAI 
of Thalassia testudinum (R2 = 0.99; p < 0.001); (b) variation with depth in leaf production (white squares and 
black line) and LAI (black solid circles and red line), discontinuous red line is the exponential fit of the variation 
of LAI with depth; (c) variation of shoot size (black circles and red line) and leaf production per shoot (coloured 
squares and black line) with depth, the grey area highlights the peak estimated for shoot size and growth at 
1.2 m depth; (d) association between leaf production per shoot (g dw shoot−1 yr−1) and shoot size (cm2 shoot−1), 
grey line represents a linear fit. See the text for an explanation of the line fitting shown.
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leaves of this tropical seagrass was not influenced by depth, as it is already close to maximized in low conditions. 
According to these results, the structural adjustments documented for the canopy in response to depth were 
fundamental to maintain a homogeneous light environment for the leaves along the depth gradient investigated 
(0.5–4 m). The maintenance of low light levels within the canopy is particularly important at the shallowest sites14 
since the shade-adapted leaf physiology of this species constraints its capacity to acclimatize to high light15. Our 
results suggest that the ecological and evolutionary success of this important habitat-builder in the shallow and 
highly illuminated reef environments of the Caribbean is reliant on the morphological plasticity of the canopy 
and its capacity to modify the light environment of the leaves.
Structural response of the canopy. Changes in LAI and shoot density were the best descriptors of the 
magnitude of leaf self-shading within the canopy, measured here in terms of the light attenuation coefficient of 
the canopy, Kdcanopy. Increases in shoot size also contribute to increase Kdcanopy, as larger shoot size ad shoot den-
sity together increase self-shading, as previously documented33. The quantitative model proposed by Enríquez & 
Pantoja-Reyes for T. testudinum33 and supported by our new characterizations, enables prediction of the effect 
of canopy changes on the magnitude of leaf self-shading within the canopy (i.e., Kdcanopy variation). The model 
encapsulates the explanation for the dominance of these morphological/structural changes in the depth response 
of T. testudinum. Reductions in shoot density and LAI with depth allow “opening” the canopy, facilitating light 
penetration and maintaining leaf-level photosynthetic activity. In contrast, the high LAI values and shoot densi-
ties observed at the shallowest sites, “close” the canopy, providing shade and photoprotection25 to a shade-adapted 
leaf physiology under what would be otherwise damaging high-light conditions14,15. Reductions in shoot density, 
shoot mass, and the number of leaves per shoot have been widely documented for seagrass meadows19,20, whereas 
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Figure 5. Quantitative description of seagrass changes and plant self-thinning responses. Quantitative 
description: (a) Quantitative description of the variation in shoot density (light brown) and shoot size (red) with 
depth; (b) quantitative description of the variation in LAI (light green) and leaf production per shoot (orange) 
with depth; (c) quantitative description of meadow production (dark green) and LAI (light green) with depth, 
the dotted lines illustrate the theoretical result if shoot size were constant, hence the shaded area represents 
the increase in meadow production and LAI due to the shoot size response. In all plots (a–c) circles describe 
the avg ± SE empirical values and the continuous line the quantitative description according to the model. For 
the description of the self-thinning response: (d) illustrates the co-variation of shoot size and shoot density 
for the six meadows characterized, letters refer to each site (from A-shallowest to F-deepest); (e) association 
between shoot size and shoot density for 14 seagrass species with different size, in red are highlighted the 
values estimated for Thalassia testudinum in the present study; and (f) comparison of seagrass data (white and 
red circles) against values from Belgrano et al.’s36. for terrestrial plant communities (grey) and phytoplankton 
(blue and black circles). Black circles describe maximum mass achieved by phytoplankton. Lines illustrate the 
different fits determined for: (d) the variation of three sites; (e) the variation of 14 seagrass species; and (f) black, 
the variation of terrestrial plants; (f) blue, the variation of aquatic organisms (submerged plant canopies and 
phytoplankton).
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LAI is less frequently characterized. Declines in LAI with depth have only been reported for two species30. The 
low attention that LAI has received in marine research contrasts with the significance of this parameter in terres-
trial ecology, where LAI is considered the primary descriptor of light interception and leaf production of plant 
canopies38,39. To our knowledge, this is the first time that both functional attributes have been demonstrated in 
terms of LAI for submerged plant canopies. According to them, LAI also plays a fundamental role in the struc-
tural and functional characterization of marine ecosystems, and we recommend this parameter as a key metric 
for future studies.
Self-thinning response. The highest LAI and leaf production occurred on the coastal platform constructed 
by T. testudinum close to the shore (Figs 1 and 6). In these meadows, as depth increased, we observed an increase 
in biomass allocation to shoot growth coincident with the decline in shoot density. The simultaneous occur-
rence of both processes, a reduction in population density and an increase in biomass per individual (shoot), has 
been traditionally considered a “plant self-thinning” response40–42. However, this simultaneous variation was only 
observed on the coastal platform. For depths beyond the peak of shoot size (here found at 1.2 m depth), shoot 
density and size were both reduced with depth. This observation may draw into question the occurrence of plant 
self-thinning in seagrasses, but an interspecific comparison (Fig. 5e,f) revealed similar allometric scaling-factors 
for the self-thinning response of seagrasses, terrestrial plant canopies and phytoplankton communities. Therefore, 
our study supports the manifestation of the self-thinning response in seagrasses, but, furthermore, the hypothesis 
of a general law across photosynthetic structures, from unicells to complex terrestrial and submerged canopies of 
higher plants36. This law establishes a limit/threshold for the maximum biomass that the photosynthetic organism 
or the community can “pile up” (i.e., photosynthetic mass per projected area). Aquatic photosynthetic structures 
(phytoplankton and seagrass canopies) seem to present higher structural constraints than terrestrial plants, as 
indicated by their lower biomass maxima (Fig. 6f). The different physical constraints of building photosynthetic 
canopies/communities in air and water may play a role to explain these differences. Intraspecific competition has 
traditionally explained plant self-thinning in terrestrial plants41,42, and more recently, it has been also suggested 
the importance of multiple agents such as pathogens, insects and mammals43. However, our study unveiled a crit-
ical role of light attenuation within the water column and pigment self-shading within the canopy for the under-
standing of the structural variation of the seagrass canopy, and for explaining the “disappearance” of the plant 
self-thinning response below 1.2 m depth. Therefore, light limitation of photosynthetic activity due to pigment 
Figure 6. Images of the waterline of Caribbean reef lagoons, with and without seagrass presence, and of two 
core samplings. (a and b) Images with and without the presence of the seagrass at the shore; (c) the meadow 
characterized in this study, indicating the relative position of the five sites investigated (not to scale); and (d and 
e) two cores sampled within the seagrass platform showing the underground seagrass biomass and carbonate 
sediment. The white colour indicates the low sediment content of organic at the time of sampling.
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self-shading could explain why all photosynthetic organisms are affected by a similar physical constraint. This 
interpretation may also explain why changes in leaf area are better descriptors of plant self-thinning than changes 
in plant weight44, and some of the exceptions (i.e., shaded species) documented for the self-thinning rule45.
transition between vertical and horizontal seagrass growth. The limit for the seagrass self-thinning 
response with depth, which ends the progression of the seagrass platform, was found to be associated with a 
switch in mass allocation from vertical growth (shoot extension) to horizontal growth (shoot recruitment). The 
two sites located across this transition, C and D, had values for LAI and leaf production significantly different to 
those predicted by the quantitative model developed above (Fig. 5b). The situation at site C could be explained as 
the limit of the seagrass self-thinning process, but the lower seagrass biomass observed at site D indicates insuf-
ficient seagrass colonization, due perhaps to higher local disturbance and/or equivalently lower seagrass ability 
to stabilize sediments when belowground mass and vertical growth are reduced. While this study can only offer 
potential hypotheses for explaining this transition, what is remarkable is that our analysis revealed the differences 
between these two sites, separated by only 13 m, throughout an apparently fully colonized seagrass meadow. The 
model also predicted the location of the depth limit for the progression of the seagrass platform in the reef lagoon 
of Puerto Morelos at 1.2 m depth and at a distance from the shore around 10–23 m. It seems reasonable that this 
quantitative model may be a useful reference for the maximum seagrass mass that could be expected in this 
particular reef lagoon at full seagrass colonization (i.e., seagrass spatial variation with depth). Such characteriza-
tion of the maximum seagrass abundance may also describe the variation of other Caribbean reef environments 
with similar water transparency, nutrient conditions and temperature and salinity regimes. Moreover, in cases of 
physical or anthropogenic disturbance, this quantitative description may be useful as a reference for interpreting 
consequential variation in seagrass mass, carbon allocation, LAI and seagrass production. The model may also 
be fundamental for constraining the output of remote sensing analyses of depth and LAI46. The identification of 
the depth for maximum shoot growth also allows quantification of the coastal area where seagrass production is 
likely to be maximized.
construction and ecological value of the coastal seagrass platform. The ecological benefit of the 
self-thinning response for this seagrass was manifested in the significant increases in LAI and leaf production 
observed on the coastal platform, 2.5 to 6 times higher production than at the deepest sites, and despite we meas-
ured there the lowest irradiance at the lowest levels of the canopy. Only a shade-adapted leaf physiology could 
ensure enough photosynthetic activity at the lowest levels of dense canopies. Therefore, the maintenance of high 
LAI in addition to the persistence of a shade-adapted leaf physiology, were both fundamental to maximize sea-
grass production on the dense coastal meadows. The seagrass platform developed at the shore represented just a 
thin coastal fringe (<20 m) only present in certain areas of this reef lagoon at the time this study was performed 
(Fig. 6). Its construction requires the accumulation of dense stands of seagrass belowground mass and sediments, 
as illustrated in plots e and f of Fig. 6. We estimated values for the seagrass belowground biomass on the platform 
above 740 g dw m−2 (Fig. 1), which supports the ability of the turtlegrass to retain organic “living” carbon and 
sediment in tropical habitats3. Thalassia testudinum has shown extraordinary ability to increase vertical (shoot) 
growth in response to large volumes of sediment migration9, whereas its capacity to re-populate an empty area 
through favouring horizontal extension (shoot recruitment) is reduced in oligotrophic reef environments due 
to nutrient limitation13. The widespread observation of grass-free depressions (“blowouts”) within these mead-
ows47,48, stresses the importance of disturbance and hydrodynamics in the formation and persistence of the dense 
coastal seagrass platform. Therefore, the frequency and intensity of physical disturbances7,49 as well as sediment 
accretion and species ability for sediment trapping and stabilization, will explain the duration of the construc-
tion and the persistence of a seagrass coastal platform in a particular habitat. In the case of T. testudinum reef 
habitats, the reduced vegetative growth of this species in oligotrophic reef environments11–13, suggests that sexual 
reproduction (seedling settlement) may also play an important role in the formation of the coastal platform, as 
supported by the larger diversity of genets documented for these coastal meadows in the reef lagoon of Puerto 
Morelos (mean-largest-genet = 10.3 m) versus the deepest sites (mean-largest-genet = 167.3 m)50.
Relevance of belowground biomass variation in the photoacclimatory response. The 
shade-adapted leaf physiology and the low quantum requirements of photosynthesis determined here and else-
where for T. testudinum15 suggest that this important habitat-builder in the Caribbean and Gulf of Mexico may 
have the ability to colonize deep areas and cope with significant reductions in irradiance. However, a quite shal-
low maximum depth distribution has been documented for this species in clear tropical waters (~10–12 m51,52), 
and sparse canopies rarely occur at depth. Moreover, T. testudinum has also shown high vulnerability to severe 
reductions in light availability (die-offs)53. To explain this apparent contradiction, it is important to remark that 
seagrass belowground biomass often represents in reef habitats the largest component of the whole-plant mass 
of T. testudinum (80–90%; cf.33,47). This mass allocation leads to substantial increases in whole-plant respiration30 
and, hence, in the minimum quantum requirements of plant growth-MQR15. Thus, the reduction observed in 
the belowground mass with depth has to be considered a fundamental component of the seagrass acclimatory 
response to decreasing irradiances, to facilitate adjustments in whole-plant respiration in line with the decline in 
canopy photosynthesis.
ecological implications. Sparse-deep meadows developed a more diverse co-habiting macrophyte com-
munity than dense-shallow beds. In particular, the pioneer seagrass species, Syringodium filiforme, increased 
in abundance in the abrupt transition between sites C and D, exactly where the climax species, T. testudinum, 
presented incomplete colonization. Hydrodynamics and nutrient competition have been considered the pri-
mary environmental drivers of the spatial macrophyte diversity observed in Caribbean reef habitats54. We do not 
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question this interpretation but our results also suggests the important role of light and the consequential struc-
tural adjustments of the habitat-builder to depth, to explain the natural variability observed in the macrophyte 
community.
The exponential reduction with depth of the belowground biomass of T. testudinum may affect the capacity of 
this habitat-builder to retain organic carbon, as carbon retention is restricted in in reef habitats to the structural 
seagrass “living” carbon (underground biomass). The low capacity of T. testudinum to retain the large amounts 
of organic matter produced in coral reef environments has been widely documented8, and confirmed for the reef 
lagoon of Puerto Morelos at the time this study was performed, in view of the low organic content (<3%) of the 
coarse carbonate sediment (55 and Fig. 6e,f). So, we can conclude that habitat capacity to store blue carbon in 
Caribbean reef environments is significantly reduced with depth associated with the exponential reduction in 
seagrass mass [22 and this study]. In practice, the contribution of T. testudinum to sequester organic carbon across 
pristine Caribbean reefs is probably restricted to a small coastal fringe with variable width (<20 m), correspond-
ing to the coastal seagrass platform limit. Further, this dense seagrass fringe is present only when the frequency 
and severity of physical disturbances are low enough to allow its slow development and persistence. When pres-
ent, these coastal meadows may represent a significant blue carbon reservoir. Unfortunately, we still known very 
little about the dynamics of construction and erosion of the seagrass platform developed by T. testudinum at the 
shore. However, we offer here its first characterization and also a mechanistic basis / hypothesis to explain the 
environmental regulation of this structural variation.
In a global context, our study demands a re-evaluation of current estimations of the contribution of Thalassia 
testudinum to sequester carbon in Caribbean reef environments. Smaller species like Syringodium filiforme, 
Halodule wrighti, Halophila spp. cannot exhibit similar capacities to retain organic carbon in comparison to 
habitat-engineering species such as T. testudinum, in consonance to a similar analogy between grasses and trees 
in terrestrial plant communities. Considering the current environmental crisis derived from the massive arrivals 
of pelagic Sargassum spp. to Caribbean coral reef environments56 and their accumulations at the shoreline57, these 
potential coastal reservoirs of blue carbon are particularly threatened.
Bearing in mind the worldwide degradation of seagrass habitats58, the quantitative descriptions of maximum 
seagrass abundance in combination with remote sensing techniques provide powerful tools for the interpretation 
of spatial and temporal changes in seagrass mass and LAI46,59, strengthening our capacity of prediction and diag-
nosis of habitat condition. These characterizations facilitate recognition of disturbed sites, and also evaluation of 
the success of seagrass restoration programmes, as well as prediction of the impact of incomplete seagrass coloni-
zation on leaf production and habitat carbon storage capacity.
conclusions
Two “self-pruning” structural responses govern the photoacclimatory response of Thalassia testudinum to depth: 
“canopy opening”, to facilitate light penetration and maintenance of sufficient illumination at leaf surfaces; and 
“below-ground biomass depletion”, to maintain plant carbon balances by compensating for decreased canopy 
photosynthesis. These structural changes performed by the main habitat-builder enhance macrophyte diversity 
with depth, while habitat capacity to sequester carbon diminishes. The ability to construct complex canopies 
and regulate the internal light field may be key for the survival of T. testudinum at depth, and also for explain-
ing the coastline colonization in well-illuminated reef habitats. Dense coastal meadows have maximal carbon 
storage capacity thanks to a self-thinning response, which becomes limited by light at a certain depth, possible 
in conjunction with a transition from a vertical to horizontal growth pattern. Despite the complexities of the 
aquatic environment, Thalassia testudinum and seagrasses adhere to a universal allometric-law that describes 
the self-thinning plant response, and is consistent from unicells to complex plant canopies, both terrestrial and 
marine.
Methods
The study was conducted in June-July 2004 in a continuous, non-patchy, meadow located in a fringing-reef 
lagoon in the Mexican Caribbean (N:20°51.4′ y W:86°52.251′). Six stations (A–F) were selected along a 70 m 
length transect perpendicular to the shoreline, following a 0.5–4 m depth gradient. The distance between stations 
increased non-linearly to more evenly distribute the expected variability (Fig. 6c). The transect was positioned on 
a well-established meadow until hurricane Wilma impacted the area in October 2005.
Instantaneous irradiance was measured in situ at each site, following Enríquez & Pantoja-Reyes33. 
Downwelling irradiance was measured at solar noon, within the water column and along 6 to10 canopy profiles, 
integrating 60 s at every centimetre. All determinations were performed in clear days (no wind and cloud cover), 
which allowed comparable measurements among sites under maximal water clarity and minimal sediment 
re-suspension33. Based on these profiles, we calculated the downwelling attenuation coefficient for the canopy 
(Kdcanopy, m−1) and the downwelling attenuation coefficient for the water column (Kdwater, m−1).
Meadow diversity, leaf production and plant structure. Species composition, seagrass shoot density 
and total above-ground biomass of the macrophyte community were evaluated on six replicates of 0.08 m2 square 
area at each site. Morphological seagrass descriptions were performed using small cores (12 cm diameter), collect-
ing ~20 intact vertical shoots at each sampling depth, and using a 30 cm diameter core (n = 4) to obtain complete 
plants with intact rhizomes and roots. Belowground biomass and above/belowground ratios were determined 
with this core. Only living tissue was considered for the estimation of biomass partitioning.
Leaf growth was determined in triplicate 0.25 m2 sampling areas following the modified leaf marking tech-
nique60. All the leaves inside the sampling area were marked just above the sheath. After 10 days the same leaves 
were marked again and harvested for growth determinations. Harvested shoots were gently cleaned removing the 
epiphytes with a razor blade. For each shoot we determined: the number of leaves, the total length and width of 
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each leaf, the length of the new segment, and the length of the new leaves. The leaf material was dried at 60 °C for 
24 hours to determine total dry weight (dw). Shoot leaf production (gdw shoot−1 day−1) was calculated by divid-
ing by the number of days lapsed between first marking and sampling. Meadow production (gdw cm−2 year−1) 
was calculated normalizing for shoot density, and extrapolating to annual production assuming a constant leaf 
growth over the year, which is unrealistic but facilitates comparison with other studies. Our estimates fit in the 
range of previous studies47,61.
Shoot size (total one-sided-leaf-area), number of leaves per shoot, maximum leaf length and width were deter-
mined on the ~20 intact vertical shoots collected at each site. The leaf area index (LAI) was estimated as the ratio 
of the total one-sided-leaf-area to ground area, using the quadrat area as a ref.33.
Leaf physiology. Leaf physiology was characterized at four levels along the second-youngest leaf, from apical 
(portion-“a”) to basal (portion-“d”). Typically, the second-youngest leaf is the best choice to characterize the pho-
toacclimatory response of T. testudinum14,15,25, as it has already achieved the maximum length and developed the 
photoacclimatory response along the within-canopy light gradient, with still minimal accumulation of epiphytes 
and damage. Leaf fragments were only selected from the mature blade, excluding the immature basal segment 
according to Enríquez et al.14 and Schubert et al.25.
Photosynthesis vs. Irradiance (P vs E) curves were obtained with polarographic oxygen Clark-type electrodes 
in water-jacked chambers (DW3, Hansatech, UK) following the protocol described by Cayabyab & Enríquez15. 
We calculated: photosynthetic efficiency (α, µmol O2 µmol incident quanta−1) from the initial slope by linear 
least-squares regression analysis; maximum photosynthetic rates (Pmax, µmol O2 cm−2 h−1) from the average 
values above saturating irradiance; light-enhanced respiration (RL), in darkness, right after the leaf segment had 
reached Pmax; saturation irradiance (Ek) as Pmax/α; and compensation irradiance (Ec) as the intercept with the 
irradiance axis. These characterizations were performed for four replicates (n = 4) per leaf section and station.
Light absorption was determined spectrophotometrically as absorbance (D) using the methodology described 
by Enríquez62 and Vásquez-Elizondo et al.63. Absorptance (A), defined as the fraction of incident light absorbed 
by leaf pigments, was calculated as: A = 1–10−D − R, where R is leaf reflectance. Optical determinations were 
performed on the same fragments used for the physiological characterizations. Half of the segment was frozen 
(−70 °C) for pigment analysis right after the optical measurement. Chlorophyll content was determined accord-
ing to Cayabyab & Enríquez15. Finally, we also estimated for each sample the minimum quantum requirements of 
photosynthesis (1/Φmax; quanta absorbed O2 evolved−1) from the inverse of the quantum yield of leaf photosyn-
thesis (Φmax), after absorptance correction (α/A).
Statistics. All results are expressed as mean ± standard error (SE). ANOVA-one-way tests and Factorial 
ANOVA-two-way tests were used to detect significant differences among sites, and the effect of depth and/or 
leaf segment. A Tukey-HDS-post-hoc test was also applied. Normality and homoscedasticity were tested using, 
respectively, Shapiro and Levene’ tests. When data failed the parametric assumptions, the p-value was low-
ered from 0.05 to 0.01 to minimize the risk of a Type 1 error64. We also used non-linear models (power- or 
exponential-functions) to describe the variation with depth. Co-variance analyses were used to detect differences 
in the allometric functions (power-functions), using log/log-transformed data.
Data were analysed using R-software65.
Data Availability
All data generated or analyzed during this study are included in this published article (and as supplementary 
information). Any more detailed information will be available from the authors on reasonable request.
References
 1. Short, F. T., Carruthers, T., Dennison, W. & Waycott, M. Global seagrass distribution and diversity: A bioregional model. J. Exp. Mar. 
Biol. Ecol. 350, 3–20 (2007).
 2. Duarte, C. M. & Chiscano, C. L. Seagrass biomass and production: a reassessment. Aquat. Bot. 65, 159–174 (1999).
 3. Fourqurean, J. W. et al. Seagrass ecosystems as a globally significant carbon stock. Nature Geoscience 5, 505–509 (2012).
 4. Kennedy, H. et al. Seagrass sediments as a global carbon sink: iso- topic constraints. Global Biogeochemical Cycles 24, GB4026, 
https://doi.org/10.1029/2010GB003848 (2010).
 5. Duarte, C. M., Kennedy, H., Marbà, N. & Hendriks, I. Assessing the capacity of seagrass meadows for carbon burial: Current 
limitations and future strategies. Ocean & Coastal Management 83, 32–38 (2013).
 6. Lavery, P. S., Mateo, M.-Á., Serrano, O. & Rozaimi, M. Variability in the Carbon Storage of seagrass habitats and its implications for 
Global estimates of Blue Carbon Ecosystem Service. Plos One 8, e73748 (2013).
 7. Marbà, N., Gallegos, M. E., Merino, M. & Duarte, C. M. Vertical growth of Thalassia testudinum: seasonal and interannual variability. 
Aquat. Bot. 47, 1–11 (1994).
 8. Morse, J. W. et al. The influence of seagrass beds on carbonate sediments in the Bahamas. Marine Chemistry 22, 71–83 (1987).
 9. Morse, J. W. & Mackenzie, F. T. Geochemistry of sedimentary carbonates. (Elsevier, Amsterdam, 1990).
 10. Gallegos, M. E., Merino, M., Marbà, N. & Duarte, C. M. Biomass and dynamics of Thalassia testudinum in the Mexican Caribbean: 
elucidating rhizome growth. Mar. Ecol. Progr. Ser. 95, 185–192 (1993).
 11. Patriquin, D. G. The origin of nitrogen and phosphorus for growth of the marine angiosperm Thalassia testudinum. Mar. Biol. 15, 
35–46 (1972).
 12. Fourqurean, J. W., Zieman, J. C. & Powell, G. V. N. Phosphorus limitation of primary production in Florida Bay: Evidence from 
C:N:P ratios of the dominant seagrass Thalassia testudinum. Limnol. Oceanogr. 37, 162–171 (1992).
 13. Duarte, C. M., Merino, M. & Gallegos, M. Evidence of iron deficiency in seagrasses growing above carbonate sediments. Limnol. 
Oceanogr. 40, 1153–1158 (1995).
 14. Enríquez, S., Merino, M. & Iglesias-Prieto, R. Variations in the photosynthetic performance along the leaves of the tropical seagrass 
Thalassia testudinum. Mar. Biol. 140, 891–900 (2002).
 15. Cayabyab, N. M. & Enríquez, S. Leaf photoacclimatory responses of the tropical seagrass Thalassia testudinum under mesocosm 
conditions. A mechanistic scaling-up study. New Phytologist 176, 108–123 (2007).
 16. Medina-Gómez, I., Madden, C. J., Herrera-Silveira, J. & Kjerfve, B. Response of Thalassia testudinum morphometry and distribution 
to environmental drivers in a pristine tropical lagoon. Plos One 11, e0164014 (2016).
13Scientific RepoRtS |         (2019) 9:14657  | https://doi.org/10.1038/s41598-019-51248-z
www.nature.com/scientificreportswww.nature.com/scientificreports/
 17. Serrano, O., Lavery, P. S., Rozaimi, M. & Mateo, M. A. Influence of water depth on the carbon sequestration capacity of seagrasses. 
Global Biogeochemical Cycles 28, 950–961 (2014).
 18. Dennison, W. C. Effects of light on seagrass photosynthesis, growth and depth distribution. Aquat. Bot. 27, 15–26 (1987).
 19. Olesen, B., Enríquez, S., Duarte, C. M. & Sand-Jensen, K. Depth-acclimation of photosynthesis, morphology and demography of 
Posidonia oceanica and Cymodocea nodosa in the Spanish Mediterranean Sea. Mar. Ecol. Progr. Ser. 236, 89–97 (2002).
 20. Collier, C. J., Lavery, P. S., Masini, R. J. & Ralph, P. J. Morphological, growth and meadow characteristics of the seagrass Posidonia 
sinuosa along a depth-related gradient of light availability. Mar. Ecol. Progr. Ser. 337, 103–115 (2007).
 21. Collier, C. J., Lavery, P. S., Ralph, P. J. & Masini, R. J. Physiological characteristics of the seagrass Posidonia sinuosa along a depth-
related gradient of light availability. Mar. Ecol. Progr. Ser. 353, 65–79 (2008).
 22. Dawes, C. J. Biomass and photosynthetic reponses to irradiance by a shallow and a deep water population of Thalassia testudinum 
on the west coast of Florida. Bull. Mar. Sci. 62, 89–96 (1998).
 23. Dennison, W. C. & Alberte, R. S. Photosynthetic responses of Zostera marina L. (eelgras) to in situ manipulations of light intensity. 
Oecologia 55, 137–144 (1982).
 24. Larkum, A. W. D., Orth, R. J. & Duarte, C. M. Seagrasses: Biology, Ecology and Conservation. (Springer, Netherlands, 2006).
 25. Schubert, N., Colombo-Pallota, M. F. & Enríquez, S. Leaf and canopy scale characterization of the photoprotective response to high-
light stress of the seagrass Thalassia testudinum. Limnol. Oceanogr. 60, 286–302 (2015).
 26. Thayer, S. S. & Björkman, O. Leaf xanthophyll content and composition in sun and shade determined by HPLC. Photosynthesis 
Research 23, 331–343 (1990).
 27. Adams, W. W. III & Demmig-Adams, B. Operation of the xanthophyll cycle in higher plants in response to diurnal changes in 
incident sunlight. Planta 186, 390–398 (1992).
 28. Dennison, W. C. & Alberte, R. S. Photoadaptation and growth of Zostera marina L. (eelgrass) transplants along a depth gradient. J. 
Exp. Mar. Biol. Ecol. 98, 265–282 (1986).
 29. Enríquez, S., Marbà, N., Cebrián, J. & Duarte, C. M. Annual variation in leaf photosynthesis and leaf nutrient content of four 
Mediterranean seagrasses. Bot. Mar. 47, 295–306 (2004).
 30. Ralph, P. J., Durako, M. J., Enríquez, S., Collier, C. J. & Doblin, M. A. Impact of light limitation on seagrasses. J. Exp. Mar. Biol. Ecol 
350, 176–193 (2007).
 31. Mazzella, L., Mauzerall, D. & Alberte, R. S. Photosynthetic light adaptation features of Zostera marina L. (eelgrass). Biol. Bull. Mar. 
Biol. Lab. Woods Hole 159, 500 (1980).
 32. Alcoverro, T., Manzanera, M. & Romero, J. Seasonal and age-dependent variability of Posidonia oceanica (L.) Delile photosynthetic 
parameters. J. Exp. Mar. Biol. Ecol 230, 1–13 (1998).
 33. Enríquez, S. & Pantoja-Reyes, N. I. Form-function analysis of the effect of canopy morphology on leaf self-shading in the seagrass 
Thalassia testudinum. Oecologia 145, 235–243 (2005).
 34. Zimmerman, R. C. A bio-optical model of irradiance distribution and photosynthesis in seagrass canopies. Limnol. Oceanogr. 
48,(Special Volume: Optical properties and remote sensing of shallow water benthic habitats), 568–585 (2003).
 35. Hedley, J. & Enríquez, S. Optical properties of canopies of the tropical seagrass Thalassia testudinum estimated by a three-
dimensional radiative transfer model. Limnol. Oceanogr. 55, 1537–1550 (2010).
 36. Belgrano, A., Allen, A. P., Enquist, B. J. & Gillooly, J. F. Allometric scaling of maximum population density: a common rule for 
marine phytoplankton and terrestrial plants. Ecology Letters 5, 611–613 (2002).
 37. Govindjee On the requirement of minimum number of four versus eight quanta of light for the evolution of one molecule of oxygen 
in photosynthesis: A historical note. Photosynthesis Research 59, 249–254 (1999).
 38. Field, C. B., Randerson, J. T. & Malmström, C. M. Global net primary production: Combining ecology and remote sensing. Remote 
Sensing of Environment 51, 74–88 (1995).
 39. Gower, S. T., Kucharik, C. J. & Norman, J. M. Direct and Indirect Estimation of Leaf Area Index, fAPAR, and Net Primary Production 
of Terrestrial Ecosystems. Remote Sensing of Environment 70, 29–51 (1999).
 40. Yoda, J. C. Self thinning in overcrowded pure stands under clutivated and natural conditions. Journal Inst. Polytech. Osaka City Univ. 
Ser. D 14, 107–129 (1963).
 41. Westoby, M. The Self-Thinning Rule. Adv. Ecol. Res. 14, Academic Press, pp 167–225 (1984).
 42. Weller, D. E. A reevaluation of the -3/2 power rule of plant self-thinning. Ecol. Monogr. 57, 23–43 (1987).
 43. Fricke, E. C., Tewksbury, J. J. & Rogers, H. S. Multiple natural enemies cause distance-dependent mortality at the seed-to seedling 
transition. Ecology Letters 17, 593–598 (2014).
 44. Westoby, M. Self-thinning driven by leaf area not by weigth. Nature 265, 330–331 (1977).
 45. Leicht-Young, S. A., Latimer, A. M. & Silander, J. A. Jr. Lianas escape self-thinning: Experimental evidence of positive density 
dependence in temperate lianas Celastrus orbiculatus and C. scandens. Perspectives in Plant Ecology, Evolution and Systematics 13, 
163–172 (2011).
 46. Hedley, J. D. et al. Remote sensing of seagrass leaf area index and species: The capability of a model inversion method assessed by 
sensitivity analysis and hyperspectral data of Florida Bay. Front. Mar. Sci. 4, 362 (2017).
 47. Patriquin, D. G. Estimation of growth rate, production and age of the marine angiosperm Thalassia testudinum König. Carib. J. Sci. 
13, 111–124 (1973).
 48. Patriquin, D. G. “Migration” of blowouts in seagrass beds at Barbados and Carriacou, West Indies, and its ecological and geological 
implications. Aquat. Bot. 1, 163–189 (1975).
 49. Folkard, A. M. Hydrodynamics of model Posidonia oceanica patches in shallow water. Limnol. Oceanogr. 50, 1592–1600 (2005).
 50. van Dijk, J. K. & van Tussenbroek, B. I. Clonal diversity and structure related to habitat of the marine angiosperm Thalassia 
testudinum along the Atlantic coast of Mexico. Aquat. Bot. 92, 63–69 (2010).
 51. Phillips, R. C. Observations on the ecology and distribution of the Florida seagrasses. Fla. Board Conserv. Mar. Lab. Prof. Pap. 2, 
1–72 (1960).
 52. Short, F. T., Carruthers, T. J. R., van Tussenbroek, B. & Zieman, J. Thalassia testudinum. The IUCN Red List of Threatened Species 
2010, e.T173346A6995927, (https://doi.org/10.2305/IUCN.UK.2010-3.RLTS.T173346A6995927.en) (2010).
 53. Zieman, J. C., Fourqurean, J. W. & Frankovich, T. A. Seagrass Die-off in Florida Bay: Long-term Trends in Abundance and Growth 
of Turtle Grass, Thalassia testudinum. Estuaries 22, 460–470 (1999).
 54. Davis, B. C. & Fourqurean, J. W. Competition between the tropical alga, Halimeda incrassata, and the seagrass, Thalassia testudinum. 
Aquat. Bot. 71, 217–232 (2001).
 55. Enríquez, S., Marbà, N., Duarte, C. M., van Tussenbroek, B. I. & Reyes-Zavala, G. Effects of seagrass Thalassia testudinum on 
sediment redox. Mar. Ecol. Progr. Ser. 219, 149–158 (2001).
 56. Putman, N. F. et al. Simulating transport pathways of pelagic Sargassum from the Equatorial Atlantic into the Caribbean Sea. Prog. 
Oceanog. 165, 205–214 (2018).
 57. van Tussenbroek, B. I. et al. Severe impacts of brown tides caused by Sargassum spp. On near-shore Caribbean seagrass communities. 
Mar. Pollution Bull. 122, 272–281 (2017).
 58. Waycott, M. et al. Accelerating loss of seagrasses across the globe threatens coastal ecosystems. Proc. Nat. Aca. Sci. 106, 12377–12381 
(2009).
1 4Scientific RepoRtS |         (2019) 9:14657  | https://doi.org/10.1038/s41598-019-51248-z
www.nature.com/scientificreportswww.nature.com/scientificreports/
 59. Phinn, S. R., Roelfsema, C. M., Dekker, A., Brando, V. & Anstee, J. Mapping seagrass species, cover and biomass in shallow waters: 
an assessment of satellite multi-spectral and airborne hyper-spectral imaging systems in Moreton Bay (Australia). Remote Sensing 
Environment 112, 3413–3425, https://doi.org/10.1016/j.rse.2007.09.017 (2008).
 60. Zieman, J. C. Methods for the study of the growth and production of turtle grass, Thalassia testudinum König. Aquaculture 4, 
139–143 (1974).
 61. van Tussenbroek, B. I. Above- and below-ground biomass and production by Thalassia testudinum in a tropical reef lagoon. Aquat. 
Bot. 61, 69–82 (1998).
 62. Enríquez, S. Light absorption efficiency and the package effect in the leaves of the seagrass Thalassia testudinum. Mar. Ecol. Progr. 
Ser. 289, 141–150 (2005).
 63. Vásquez-Elizondo, R. M. et al. Absorptance determinations on multicellular tissues. Photosynth Res 132, 311–324 (2017).
 64. Underwood, A. J. Experiments in ecology: their logical design and interpretation using analysis of variance. (Cambridge University 
Press, Cambridge, United Kingdom, 1997).
 65. R-Development Core Team R. A language and environment for statistical computing. R Foundation for Statistical Computing. 
Vienna, Austria (2013).
Acknowledgements
We want to thank our “capitán” Amauri for its invaluable field assistance in all our field journeys, and the technical 
assistance of Miguel Ángel Gómez Reali for the digitalization of the Belgrano et al.’s data. This work has been 
supported by the CONACYT (grant-129880) and DGAPA (grant-IN206710) to SE. Two fellowships from the 
Mexican Secretaría de Relaciones Exteriores to NC, and from the Spanish Asociación Universitaria Iberoamericana 
de Postgrado to IO provided financial support to visit SE laboratory in Mexico.
Author contributions
S.E. conceived the study. S.E., I.O., N.C. collected data. S.E., and I.O. analyzed data. S.E. wrote the paper. S.E. 
provided funding. J.D.H. contribute significantly to the discussion of the paper.
Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-51248-z.
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
